Primary Audience: Geneticists, Hatchery and Breeder Managers SUMMARY All birds studied thus far are able to store spermatozoa within their oviducts for periods that can vary from several days to weeks, depending upon the species. Turkeys have a relatively long storage period compared with chickens, an observation that leads to the suggestion that sperm residing within the oviduct may interact with sperm entering the oviduct from later inseminations. Multiple sources of sperm within the oviduct also lead to the hypothesis that sperm competition may be important for the maintenance of fertility and embryo livability in turkeys. The current study tested the hypothesis that selection for economically important traits in lines of turkeys may have an effect on sperm competition as measured by the ability to hydrolyze holes in the perivitelline layer, fertilize, and produce viable offspring.
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DESCRIPTION OF THE PROBLEM
Selection of turkeys for increased 180-d egg production for nearly 50 generations has improved fertility when compared with randombred control lines [1] , whereas early embryo survival has improved and late embryo survival has diminished in the selected line [2] . Selection of turkeys for nearly 40 generations for increased 16-wk body weight has decreased fertility and embryo survival compared with its randombred control line.
Fertility and embryo survival are functions of good sperm quality and the ability of sperm to bind to the ovum, hydrolyze the perivitelline layer, and penetrate the layer to initiate physiological events leading to fertilization and embryo development [2, 3] . The relative roles played by the turkey sire and dam in the fertilization process are obscure. Fairchild [4] examined 100 pedigreed turkey hens representing 2 commercial strains when mated to individual sires to determine relative roles of sire and dam. This study demonstrated that dam and sire influence sperm-egg interactions, but no pattern seemed consistent across all hens.
Evidence suggests that sperm competition or selection may be responsible for the selection of a fit population of spermatozoa in turkeys [5, 6, 7] . Data indicated that sperm from Bronze turkeys fertilized at a greater rate than did that from Large White turkeys when inseminated as equal numbers of viable cells. Donoghue et al. [8] also showed that if semen is pooled from several sires, progeny result predominantly from only 1 or 2 of those sires. More recently [2] , it has been suggested that sperm competition may be involved in turkey embryo survival. Thus, published data indicate sperm competition among males or sperm selection by the hen exists in the turkey, but knowledge of separate roles of either gender in sperm binding and perivitelline layer penetration is lacking. The hypothesis was proposed that lines of turkeys selected for economically important traits may exhibit different dam and sire effects on sperm hydrolysis of the perivitelline layer.
MATERIALS AND METHODS

Selection for Increased Egg Production
In each of the 2 consecutive years, a line of turkeys selected for increased egg production (egg line) and its randombred control line (RBC1) [1] were obtained as 1-d-old poults. The poults were randomized and grown to sexual maturity using standard guidelines. One hundred hens and 50 toms from each line were grown to sexual maturity. At 16 wk of age the toms were placed in a separate building with total light control and were exposed to 14 h of light per day. Beginning at 18 wk of age, the hens were exposed to 8-h day lengths until sexual maturity (37 wk of age). At the onset of egg laying, hens were again randomized and moved to a turkey breeder laying house. The house has 24 pens that accommodate 6 hens each so 72 hens (6 per pen) from each line were placed into 12 pens. Each pen was then randomly assigned to a sire group to establish reciprocal crosses between dams and sires of the 2 lines. Thus, equal numbers of pens of dams were mated with sibling sires or sires of the opposite line. Egg production was initiated by exposing the hens to 15.5-h day lengths, and eggs were collected for 20 wk. Eggs from 16 wk were used to determine fertility and embryo survival, but the remaining eggs were used to determine the number of holes in the perivitelline layer.
Artificial inseminations were performed at 17 and 20 d following exposure to long days and by inseminations at weekly intervals. Semen was collected and pooled by line and analyzed for sperm viability and concentrations [9] . The semen was then divided into aliquots containing 200 million viable cells per insemination dose prior to inseminating.
Eggs were collected from the house 5 times per day and were then sanitized and placed in a cool room (12.8°C and 75% RH) where they were kept until setting at biweekly intervals. Eggs were placed on the incubator trays 1 d prior to setting and allowed to warm to room temperature overnight prior to placing them in the incubators. Eggs oviposited for 3 d following insemination were selected from each of 4 settings of eggs to determine sperm hydrolysis of the perivitelline membrane. Sperm hydrolysis was determined weekly on 3 eggs per pen at wk 3, 9, 15, and 20 of the 20-wk period of laying eggs [10, 11] . Thus, each hen-by-sire mean was determined by examining 180 eggs for holes. The holes were visualized and counted using 40× power on the microscope. The mean number of holes in one field (0.5 mm 2 ) was determined by centering and counting at the germinal disc area for each prepared perivitelline layer.
All eggs were incubated using standard guidelines for the incubation of turkey eggs. Following 28 d of incubation, all poults were removed from the incubator trays, and the remaining eggs were broken and examined to determine true fertility and embryo survival rates for each pen.
Selection for Increased Body Weight
A line of turkeys selected for increased 16-wk body weight (F line) for nearly 50 generations was obtained and compared with the randombred control line (RBC2) from which it has been selected [1] . All management and experimental procedures were identical to those described for the comparison of the egg production line with its randombred control.
Statistical Analyses
The comparisons of each of the selected lines to their respective randombred control lines were done by arranging the data in a factorial of 2 hens (selected line vs. its randombred control) × 2 toms (selected line vs. its randombred control) × 8 wk of egg production [12] . All possible interactions of dams, sires, and weeks were examined, but only interactions with significant differences are reported. Year of the experiment was used as a fixed factor in the model, but no significant differences were noted so the data were pooled for presentation. Prior to analysis, all perivitelline layer hole data were transformed using the log of the number + 1. Means that differed at P ≤ 0.05 were separated using the least squares means procedure.
RESULTS
Selection for Egg Production
The perivitelline layer from egg line dams had more holes than eggs from RBC1 dams without regard to the sire ( Table 1 ). The number of holes in the perivitelline layer declined as time in lay progressed in both egg and RBC1 lines, and these effects were attributed to the dams rather than to sires.
Fertility in the egg line hens was greater than that of the RBC1 hens for all weeks examined (Table 2) . No dam-by-sire interactions were noted. Fertility declined as hens aged, which was similar to the decline in numbers of holes in the perivitelline layer. Thus, the effects of dam on sperm hydrolysis were directly related to the resulting fertility. Sire effects were evident over time ( Figure 1 ) as displayed by a sire-byweek interaction (P < 0.004). Fertility from egg line sires reached peak levels at wk 2 to 10 then declined, but RBC1 sire fertility continued to increase until wk 16 of egg production.
Reciprocal crosses of the lines resulted in a sire by dam interaction for embryo survival (Table 2). RBC1 sires mated to egg line dams resulted in better embryo livability than either sire line mated to dams of the same line. Mating RBC1 sires to RBC1 dams or egg line sires to egg line dams resulted in the worst embryo survival rate, an observation that is supported by previous studies [1, 13] . Sire and dam interacted to affect the percentage of embryos dying during the first week of development as RBC1 sires and dams mated together increased deaths compared with all other sire and dam combinations. Only sire affected the percentage of death during the fourth week of development as egg line sires caused more deaths than did RBC1. At pipping, egg line sires and dams together increased the number of embryos dying during pipping compared with all other combinations.
Selection for Growth
The F line and RBC2 lines interacted to affect sperm hydrolysis of the perivitelline layer (Table 3) . Sires and dams of the RBC2 line used together hydrolyzed more holes in the layer than all other sire and dam combinations. Fertility was also affected by a dam-by-sire interaction, as F line sires crossed with F dams yielded lower fertility than did F line dams crossed with RBC2 sires. No such differences were observed with RBC2 dams. In contrast to the sire effects from egg and RBC1 lines, fertility data over weeks indicated an interaction of dam by week of production the F and RBC2 lines (Figure 2 ). Fertility declined (P < 0.01) much more rapidly in the F line dams than in the RBC2 without regard to sire.
Embryo survival was significantly reduced by F line compared to RBC 2 dams with no significant sire effects (Table 4) . Neither sire nor Pooled means with different superscripts differ significantly (P < 0.05). dam affected the percentage of embryos dying during the first week of development, but the percentage of embryos dying at the fourth week of development or at pipping was significantly greater in F line than RBC2 line dams regardless of the sire used. Sire did not affect embryo livability at any time of development.
DISCUSSION
Genetics of lines of turkeys selected for increased egg production or growth in the current study showed different sperm hydrolysis of the perivitelline layer, fertility, and embryo survival. Different roles of sires and dams for determining fertility and hatchability following selection were evident as well. In the egg line, selected for greater egg production, dams and not sires affected the number of holes in the perivitelline layer, but sires did affect the fertility over time. The egg line has improved fertility compared with controls [1] ; this improvement has been accompanied by improved embryo survival early and decreased embryo survival late in development [13] . Thus, genetics and gender of the egg line play a role in determining hydrolysis of the perivitelline layer and the resulting fertility and embryo survival.
Conversely, both F line dams and sires affected the sperm penetration of the perivitelline layer. Normally, F line birds display depressed fertility [1] and embryo survival [13] . Thus, the sire plays a major role in determining sperm hydrolysis, fertility, and embryo survival in the F and RBC2 lines, but in the F line, the dam affected fertility over time. Patterns for producing offspring in each line suggest unique relationships exist for each. Thus, the sequence of events leading to the production of offspring in the egg line is evidently very different from the events leading to new offspring in the F line.
Based on the observations mentioned above, sperm binding and hydrolysis of the perivitelline layer as well producing a new poult are probably a function of turkey dams and sires and their genetics. Sperm competition at fertilization has been suggested to be a means of preserving an avian species by permitting only fit individuals to be born for the subsequent generation [14] . Sperm competition among turkey sires is well established by observations that the spermatozoa Pooled means with different superscripts differ significantly (P < 0.05).
1 Egg = line of turkeys selected for increased 180-d egg production; RBC1 = randombred control line from which the Egg line was selected.
from Bronze sires when pooled prior to insemination with semen from Large White sires produces at least two-thirds of the progeny [5, 6, 7] , but the role of the dam is less clear. Donoghue et al. [8] also showed clearly that in semen pooled from several sires, paternity occurs predominantly from only 1 or 2 of those sires. Additional dam and sire effects in the turkey for sperm competition have been elucidated [4] . They reported data from pedigreed matings indicating sire and dam affected sperm penetration of the perivitelline layer. At times the pedigreed effect was described as a main effect of dam or sire, but interactions were also noted. The current data also indicate that sperm competition exists in the turkey and that it may be determined by the genetics of the sire, dam, and embryo.
Reduced embryo livability coincidental with declines in fertility has been reported many times previously [15, 16, 17, 18, 19, 20] yet the reasons for the reductions are unknown [19] . The current hypothesis was that sperm in the turkey oviduct or at the ovum may determine embryo viability as fertility declines by reducing the penetration of the perivitelline layer. The current data indicated no case when sperm hydrolysis and embryo mortality displayed similar patterns. Because of the insemination dose and repeated frequent inseminations in the current study, sperm cell numbers were probably not limiting as was reported in prior studies.
Sperm binding and hydrolysis differed in dams and sires of lines of turkeys and affected the ability to produce a viable poult. The dam was more responsible than the sire in the egg line yet the egg line sire was more responsible than the RBC1 for the decline in fertility over time. In contrast, dam and sire interacted in the F line, and the F line dam was responsible for the decline in fertility over time. It is not known why the lines would differ in this way, but it may involve competition among stored sperm and sperm cells that are inseminated more recently.
The data for the egg line are of particular interest because previous data [4] from in vitro FIGURE 1. Interaction means (sire by week) for fertility over a 16-wk period of egg production of sires from a line of turkeys selected for increased egg production (Egg) compared to its randombred control (RBC1). Means with different lower case letters differ significantly (P < 0.05). Pooled means with different superscripts differ significantly (P < 0.05).
1 F = line of turkeys selected for increased 16-wk body weight; RBC2 = randombred control line from which the F line was selected.
FIGURE 2. Interaction means (dam by week) for fertility over a 16-wk period of egg production of dams from a line of turkeys selected for increased body weight (F) compared to its randombred control (RBC2). Means with different lower case letters differ significantly (P < 0.05).
sperm hydrolysis assay in which egg line dams and sires displayed greater binding than RBC1 dams and sires but did not interact. The in vivo assay performed in the current study demonstrated only dam effects in the hydrolysis of the perivitelline membrane in vivo. Differences between the in vitro and in vivo assays may indicate changes initiated by the oviduct or by sperm already stored in the oviduct. Thus, it may be that the egg line dam is selecting sperm cells in such a way to enhance the ability of RBC1 sire cells to fertilize. The eggs and yolks produced by the egg line are significantly smaller than those from the RBC1 line [1, 13] . It follows then that a possible explanation for the increase in the number of holes in a given area of the layer may be simply egg size. Smaller yolks present a smaller target for a given number of sperm cells to bind. Alternately, the selection of sperm may occur during binding and hydrolysis of the layer. Recently, greater mRNA expression for the sperm binding proteins was also demonstrated in the germinal disc region of eggs of the egg line than those of the RBC1 line [21] . Therefore, an alternate possibility for the increased penetration may be the greater number of binding proteins selecting sperm on the perivitelline layer of the egg line than RBC1 dam. Earlier data [2] collected in vitro from the dams and sires of F and RBC2 lines indicated no differences in the perivitelline layer penetration. Conversely, when sires from the F line were used in vivo in reciprocal crosses with their randombred control line in the current study, an interaction between dams and sires occurred in perivitelline hydrolysis. Thus, the in vivo data with these lines also differs from the in vitro and may indicate changes in sperm selection to permit fertilization by viable spermatozoa in a different way. Selection by the F line may also involve recognition that may be based on sperm surface proteins [22, 23] . Alternately, sire differ- Pooled means with different superscripts differ significantly (P < 0.05). ences may be due to differences in sperm mobility that were shown to be related to sperm precedence in the earlier studies [8, 24] . These data suggest that the F line may have decreased selectivity compared with the RBC2 line. The same explanation given above based on egg size may account for the differences in hydrolysis observed here as well. The ova and yolks produced by the F line are larger than those of the RBC2 [1] . Thus, the hydrolysis of holes in the perivitelline layer by a given number of sperm cells may be spread over a larger surface area in the F than in the RBC2 line. The data may also be explained by the difference in numbers of binding proteins on the perivitelline layer of F and RBC2 eggs. It may be that fewer proteins are available so fewer sperm actually bind and hydrolyze. To the authors' knowledge, no data are available quantifying the sperm binding proteins on the perivitelline layer comparing the F and RBC2 lines. When F line sperm cells were damaged by 24 h of refrigerated storage and inseminated into F line hens and compared with normal sperm, the coefficient of correlation between holes hydrolyzed in the perivitelline membrane and embryo mortality changed from positive (r 2 = 0.94; P < 0.0001) for normal sperm to negative (r 2 = −0.34; P < 0.05) for damaged sperm. Thus, sperm selection for optimal embryo survival in the F line also differs depending upon the percentage of damaged [2] or percentage of senescent cells inseminated or already in the oviduct [15, 19] and the competition among sperm for binding sites.
Fertility declined more rapidly using F line sires than in the others, and embryo deaths during pipping also declined greatly as hens aged. It may be that sperm numbers become the limiting factor as hens age. In any case, the F line sire is unique in that embryo survival seems to improve when the number of sperm penetration holes in the perivitelline layer decreases [2] , which may be indicative of a line difference that has occurred specifically because of the selection for growth [1, 13] .
The data indicate that sperm selection is a complex interaction of dams and sires and their genetics. These results also agree with earlier suggestions [4] that sires and dams of commer-cial lines affect perivitelline layer penetration and that the number of holes may be due to binding properties or different capacities of the CONCLUSIONS AND APPLICATIONS 1 . In a line of turkeys selected for increased egg production, the dam played the major role controlling the hydrolysis of the perivitelline layer and subsequent fertility. 2. In a second line selected for increased growth, dam and sire interacted to control the number of penetration holes and the resulting fertility. 3. The association of sperm penetration of the perivitelline layer with fertility is complex and involves sperm competition, sires, dams, and their interaction as well as genetics.
